The strength of adhesively bonded joints depends on the cohesive strength as well as on the adhesion between the adhesive and adherent. In case of batchgalvanized steel, using zinc coating, the composition of the zinc layer and zinc layer phases can have a crucial impact on the compound's stability. In order to produce reliable and durable bonds the zinc layer surface has to be pre-treated. Suitable preparation methods for the terms of the constructive industry must be chosen in respect to the specific surface characteristics of the zinc coating. Compared to the sweep-blasting process, pickling offers an economical surface pre-treatment method for the batch-galvanized components.
Introduction
In Europe, each year, approximately 6 million tons of steel are protected against corrosion by batch-galvanization (Garcia de Lucas, 2010) . Because of its good protection performance, lasting for at least several decades, a large variety of batch hot-dip galvanized (HDG) components is used in the building and construction industry. A recently completed SME-related research project on "Hot-dip galvanizing for steel and composite bridges" (Ungermann et al., 2014) points out new fields of application in this sector. In the majority of usecases today, batch-galvanized components are connected by bolting or welding. Due to that, the zinc coating is often destroyed or disrupted locally. Bonding as a connection method would normally not result in such impairments of the coating. Adhesive bonding, therefore, offers a promising alternative to improve the quality of joints of batch-galvanized components, regarding their specific surface characteristics. The strength of adhesively bonded joints depends on the cohesive strength as well as on the adhesion between the adhesive and adherent. Primarily, the composition of the zinc layer depends on the effective galvanization parameters, such as the temperature of the zinc bath, and the fraction of silicon in the steel alloy (Thiele and Schulz, 2006) . In order to characterize the layered structure of batch-galvanized steel, micro-grids were prepared. Figure 1 shows a micrograph of a representative zinc layer. The phase nucleation in the zinc layer is sequentially starting with the -phase (Wolczynski et al., 2014) . The existence of a continuous -phase has a strong impact on the formation of the zinc layer (Che and Lu, 2005) .
Figure 1. Micrograph of a Representative Zinc Layer
The adhesion between adherent and adhesive depends on the surface condition of the zinc layer. Most importantly, the zinc layer has to be free from grease, soluble salts and adherently loose particles. The chemical composition of the surface can vary depending on the ageing conditions during the transport or storage of the batch-galvanized component. Investigations in the field of duplex systems indicate a different adhesion between epoxy-based paints and outdoor-weathered or not-weathered batch-galvanized steel (Van Eijnsbergen, 1994) . Tensile-Shear Tests on centrifuged batch-galvanized steel (-phase removed) hypothesize that the adhesion between adhesive and zinc layer is dependent on the specific zinc layer phase on which the adhesive is applied (Stahl and Geiss, 2015) . In Figure 1 Condition 0 denotes a state in which the -phase is still fully in-tact. Other zinc layer conditions investigated in this paper are also indicated in Figure 1 : Condition I denotes a state in which the -phase is partially removed. Condition II denotes a state in which the -phase is completely removed and the adhesive is applied on top of the ζ-phase. Before the bonding is carried out, surface pretreatment methods are deployed, which can partially or fully remove the zinc layer phases, so that it can be investigated how the durability of the bond depends on the specific zinc layer phases on which an adhesive is applied.
Selected Material

Adherents
To produce a set of consistent zinc layer phases, only identically shaped mild steel sheets (dimensions: 260 mm x 25 mm x 10 mm) with the chemical composition given in Table 1 were batch hot-dip galvanized by Voigt & Schweitzer GmbH & Co. KG. The constellation of the zinc layer phases is primarily depending on the content of silicon (0.17 m-%, Sebisty-Area) in the steel sheets (Katzung and Rittig, 1997) . The batch-galvanizing process was carried out using a conventional zinc bath according to ASTM B6 at a temperature of approximately 840 °F (449 °C). The combination of used steel alloy and effective process parameters lead to an average zinc layer thickness of 108.2 µm with a standard deviation of 5.2 µm. The layer thickness was determined by a magnet-inductive measuring system (eXactoFN 180-1102, Elektro Physik Dr. Steingroever GmbH & Co. KG). The analysis of micrographs shows that the thickness of the different zinc layer phases was approximately 25 µm for the -phase, 65 µm for the -phase and 20 µm for the  1 -phase, respectively.
Adhesives
Three adhesives were selected in respect to their application properties to prepare modified wedge test specimen ( Table 2) . Curing conditions of the specimen were 24 hours by 23 °C, then 2 hours by 80 °C and 6 days by 23 °C. 
Experimental Investigation
Surface Pretreatment
Sweep-Blasting Surface pretreatment by sweep-blasting is state of the art for duplex systems in the field of coating technology. According to the handbook of hotdip galvanization (Maass and Peissker, 2011) sweep-blasting is the safest surface pretreatment method for HDG-steel. Surface cleaning and roughening occurs by slightly blasting the zinc surface using metallic or nonmetallic abrasives and compressed air, free of oil and water. The zinc layer must not be completely removed or locally destroyed due to sweep-blasting-processes. The most significant parameters controlling the sweep-blasting-process are material and grain size of the used grit, angle of incidence, blasting pressure and distance of nozzle to the surface.
To remove the -phase of the zinc layer (thickness of approximately 25 µm) sweep-blasting was performed using the following parameters:
 Grit: Corundum, white  Grain size = 125 -180 µm  Angle of incidence = 30 °  Blasting pressure = 5 bar  Duration-time = 8 to 12 minutes
The exact duration of the pre-treatment depends on the desired effective reduction of the layer thickness. Figure 2 shows a HDG-surface, structured by sweep-blasting, compared to the non-pretreated HDG-surface. Table 3 contains the statistics computed over ten sample values of the layer thickness before and after sweep-blasting. Pickling
Motivation and selection
Compared to the sweep-blasting-process, pickling offers an economically more attractive method to pretreat batch-galvanized components. A reduction of the zinc layer can be achieved without imposing mechanical stress to the zinc layer phases. Based on a search of literature and product recommendations regarding the field of coating technology a screening of cleaning and pickling solutions was done. The solutions were classified as a function of their ablation rate for HDG-steel determined by dipping. According to given exclusion and quality criteria, regarding application and health requirements, ten pickling solutions were selected, which can be used to partially remove the zinc layer in the range of the -phase (approximately 25 µm). Among others, criteria for exclusion included usage of carcinogenic or rather toxic substances (e.g. hydrofluoric acid).
Based on the composition of the zinc layer compound in the section "Selected Material", the ten pickling solutions were applied by dipping or spraying on the HDG specimens. The results regarding the impact on the -phase were compared using the wedge test according to EN 14444. Details on carrying out the wedge test according to EN 14444 will be described in subsection "Wedge Test". These preliminary test results were used to select the two most promising pickling solutions among the ten pre-selected ones which would most likely be the best suited ones for the pre-treatment of HDG steel for adhesively bonded joints due to their residual contact length.
Pickling by dipping
Pickling by dipping was performed using the pickling solution "SurTec ® 479" (SurTec International GmbH). The hydrochloric acid-based product contains, among others, inhibitors to protect the ferric-basis material of the steel sheet. To remove the -phase by dipping it in SurTec ® 479 and to establish Condition II in Figure 1 , an exposure time of 15 to 25 minutes was necessary. After that time the reduction of the zinc layer thickness was approximately 25 µm, which corresponds to the average thickness of the -phase. The pickling process was stopped by rinsing the steel sheets in two rinsing tubes filled with deionized water (conductance < 10 µS). The validation of the targeted condition was done by the determination of the residual layer thickness by the magnet-inductive measuring system (eXactoFN 180-1102, Elektro Physik Dr. Steingroever GmbH & Co. KG). Table 4 contains the statistics computed over ten sample values of the layer thickness before and after pickling by dipping. The partial removal of the zinc layer phases was also spot-checked by using micrographs of pre-treated surfaces. Pickling by spraying Among the pickling solutions that are supposed to be applied by spraying, the cleaning agent "Bref Power" ® (Henkel AG & Co. KGaA) showed, within the examined solutions, the biggest residual contact length using the wedge test. The ablation rate on HDG steel was approximately 0.15 µm / minute. During the pickling process it has to be ensured that the surface of the zinc layer cannot dry up. A new solution has to be applied over time before the surface dries up. To partially remove the -phase of the zinc layer and to establish Condition I ("in -phase") in Figure 1 , the solution was applied over 90 minutes. Table 5 contains the statistics computed over ten sample values of the layer thickness before and after pickling by spraying with "Bref Power" ® . Mild Grinding To establish Condition 0 ("on -phase") in Figure 1 , the surface of the zinc layer has to be free from graces, soluble salts and adherently loose particles. A mild grinding with ductile abrasive was performed to remove the adherently loose particles. Before and after grinding, the thickness of the zinc layer was consistent within the standard deviation. Both, not-weathered HDG steel and HDG steel outdoor-weathered in Kaiserslautern, Germany, between December 2013 and May 2014, were pre-treated by mild grinding.
Wedge Test
The superposition of mechanical stress and climatic influence is characteristic for the wedge test. This test demonstrates the performance of the surface pre-treatment in combination with the used adhesives for bonding. The wedge test method was selected to verify the durability of batch-galvanized adhesively bonded joints under exposure to standardized accelerated ageing conditions. The geometry of the wedge test specimen according to EN 14444 was modified to account for the HDG process and the dimensions of the selected steel sheets (Figure 3) . After the aforementioned surface pretreatments were accomplished, the adherents were degreased and the pickling deposit was removed using acetone. The three adhesives were applied and cured as in subsection "Adhesives".
By inserting a wedge a mechanical peel force is applied on the used adhesive. In contrast to EN 14444 this was not leading to a crack immediately. The height of the wedge and the bonded length of the specimens were chosen dependent on the selected adhesive, so that the applied mechanical stress was half of the crack initiation stress for 23 °C.
Crack initiation should start while the superposition of accelerated ageing conditions takes place. The specimens were exposed to a climate corrosion test according to VDA 621-415 (VDA, 1982) and to an alternating climate test according to VW PV 1200 (VW, 2004) . 
Results
Ageing According to VDA 621-415
The results of five wedge test specimens per each selected adhesive and applied pre-treatment are shown in Figure 4 . It contains the average value of the residual contact length of not completely detached specimens after 28 days of the climate corrosion test. The error bar indicates the standard deviation. Already, after 24 hours of the climate corrosion test, the initial part of notweathered and outdoor-weathered specimens is completely detached. After 28 days, just one specimen out of the two pre-treatments, shows a residual contact length. Ageing According to VW PV 1200 Figure 5 contains the residual contact length of the specimens after 28 days of alternating climate test. Within 48 hours, all not-weathered and outdoor-weathered specimens were completely detached independent of the used adhesives. Sweep-blasted specimens bonded by KP 666 completely detached in 24 h, bonded by the epoxy-based adhesives SW 7260 and SP 477 they detached within 18 days.
Figure 5. Residual Contact Length after 28 Days of Alternating Climate Test
As well as in the climate corrosion test, after 28 days of alternating climate test specimens pre-treated by SurTec ® 479 and Bref Power ® showed the biggest residual contact length. However, one specimen is completely detached. The residual contact length is between 60 and 80% for both applied pickling solutions. The average values are the same within the standard deviation for the three applied adhesives.
Fracture Behavior of Wedge Test Specimens
Usually, wedge test specimens show a more or less slow delamination failure between adhesive and adherent after initiation of the crack under certain climate conditions. Using sweep-blasted HDG-adherents in combination with SP 477 (lowest fracture elongation of the applied adhesives) sometimes an abrupt and complete delamination of specimens takes place. It happened while inserting the wedge, without any superposition of increased climate conditions. In these cases the zinc layer was removed from steel sheet surface occasionally by inserting the wedge. Figure 6 shows pictures of an abrupt completely detached specimen pre-treated by sweep-blasting and bonded by SP 477. The micrograph demonstrates the two zinc layers still connected by the adhesive. 
Conclusions
The wedge test as carried out in this experiment represents an economic test method with differentiable results regarding the durability of adhesively bonded joints within a few days. Applying climate corrosion and alternating climate tests, the wedge test shows on batch-galvanized steel sheets that the surface pre-treatments, which partially remove the zinc layer, can increase the durability of adhesively bonded joints significantly. Moreover the test shows no difference between the used ageing conditions on the adhesion of the batchgalvanized steel surfaces in combination with the applied adhesives. The impact of the grit during the sweep-blasting-process can create local defects in the zinc layer phases, so it will detach in combination with high-tensile and brittle adhesives applying a peel force. Biggest residual contact lengths after 28 days of accelerated ageing conditions remain while using the pre-treatments SurTec ® 479 and Bref Power ® , independent of the applied adhesives.
